The murine intestinal tract represents a difficult organ system to study due to its long convoluted tubular structure, narrow diameter, and delicate mucosa which undergoes rapid changes after sampling prior to fixation. These features do not make for easy histological analysis, as rapid fixation in situ, or after simple removal without careful dissection, results in poor post-fixation tissue handling, and limited options for high quality histological sections.
INTRODUCTION
This unit details the techniques that may be employed for histological assessment of the murine intestinal tract. This is a challenging organ system to study, as it represents a delicate convoluted muscular tube with a very thin wall and a complex internal organization which varies along its length ( Figure 1 & Figure 2 ). It also undergoes rapid autolysis (self-digestion) and sloughing of epithelium immediately after death. This is particularly the case in the small intestine, probably due to a combination of exposure to gastric acid and bile; the proximal small intestine undergoes most rapid autolysis (Cheryl Scudamore, personal communication) , its propensity to undergo villus contraction (Moore et al., 1989) , its high cell turnover rate (Barker et al., 2007; Potten, 1990) and a central lumen laden with digesta, digestive enzymes and bacteria; factors which all complicate its sampling and examination. Every endeavour should therefore be made to minimize, and as much as possible standardize the time taken between the animal's death and tissue fixation so that autolytic changes are not misinterpreted as genuine pathological changes. When designing a study involving histological analysis, it is then necessary to decide what view is most appropriate to answer specific research questions (see strategic planning). This article describes the step-by-step preparation of the small intestine (SI) and large intestine (LI), either for cross sectional histological analysis (gut bundling technique; is best practice to complete a thorough necropsy as described previously ("Wiley," n.d.) and take a full range of organ samples in addition to the gastrointestinal tract to characterise target organs and induced lesions. Appropriate risk assessments should be made for all procedures and chemicals described.
HISTOLOGY
It is important when considering interpreting changes in the intestinal tract (as with other organs) that there is familiarity with the basic anatomy and histology of normal tissue, which is described in standard textbooks on murine (Scudamore, 2014; Treuting and Dintzis, 2012) and human (Young, 2006) histology. The murine intestinal tract is a muscular tube with the same basic structure throughout its length. It is comprised of a central lumen which contains the digesta, an inner mucosal surface, a muscularis mucosae, a minimal submucosa, an inner circular muscle layer, an outer longitudinal muscle layer and an outer connective tissue serosa.
The small intestine consists of three functionally but not morphologically distinct units; the duodenum, jejunum, and ileum. The most proximal part of the small intestine beginning immediately distal to the pylorus of the stomach is the duodenum which is associated with the pancreas and forms a U-shaped loop to the level of the umbilicus ("MGI -Biology of the Laboratory Mouse," n.d.). Submucosal Brunner's glands are only found in the first 2mm of the duodenum of the mouse (Scudamore 2014) . The duodenum then transitions to the jejunum which represents the majority of the small intestine, and is followed by a shorter segment of ileum which represents the terminal portion of the small intestine which connects to the cecum. The large intestine extends distally from the ileo-cecal junction. The cecum represents the start of the large intestine and is a blind ended sac, in which bacteria ferment the digesta, and which occupies a large proportion of the murine abdominal cavity, varying considerably in its size and placement according to diet. Humans have a small vermiform appendage known as the appendix which extends from the tip of the cecum, which is not present in the mouse. The colon is attached in close proximity to the ileum at the ampulla of the cecum (Snipes, 1981) , and begins as the wider proximal colon with prominent mucosal folds (which is usually considered the proximal half of the colon), continues as the distal colon (which is usually considered the distal half of the colon) and terminates in the rectum and anus. Gut-associated lymphoid tissue (GALT) tissue occurs throughout the intestinal tract. Multiple smooth raised white-yellow oval plaques within the small intestinal wall which represent organized lymphoid nodules termed Peyer's patches can often be seen macroscopically.
Small intestine
The defining feature of the small intestine are the finger-like villus projections (Figure 1 ) which are tallest in the duodenum, and gradually decrease in length distally towards the ileum (Treuting and Dintzis, 2012) . The intestinal stem cell compartment is located towards the bottom of flask like structures at the base of villi, known as the crypts of Lieberkühn. Stem cells (crypt base columnar cells) undergo mitosis and generate daughter cells, which migrate (and may also undergo mitosis as part of the transit amplifying population) and differentiate in conveyor belt fashion (Ritsma et al., 2014) to the villus tip, where they undergo cell death, extrude, and are shed into the lumen (Leblond and Stevens, 1948) . The majority of epithelial cells in the small intestine, comprising approximately 80% (Watson and Pritchard, 2000) 
Large intestine
The defining feature of the large intestinal mucosa is that it comprises crypts of Lieberkühn populated by a high proportion of goblet cells with a flat inter-cryptal surface epithelium ( Figure 2 ). Similarly to the small intestine, the stem cell (crypt base columnar cell) compartment of the large intestine is contained within the base of the crypts (Barker et al., 2007) . The cecum represents the first part of the large intestine, representing a blind ended J-shaped sac (Treuting and Dintzis, 2012) within which there is prominent lymphoid tissue at the tip. Both the cecum and proximal large intestine contains undulating mucosal folds (Scudamore, 2014) .
Goblet cells are also more prominent in the cecum and proximal large intestine and decrease in number distally within the large intestine (Scudamore, 2014) . The mid colon has a flat, nonfolded mucosa, and the distal colonic mucosa is more subtly folded. Other cell types present in the colon include, absorptive colonocytes, and enteroendocrine cells. Paneth cells are not present in the large intestine of mice. Mice have an extremely short rectum, with an abrupt transition from the colonic mucosa to the squamous epithelium of the rectal mucosa.
STRATEGIC PLANNING
It is critically important before experiments are conducted to design a study appropriately, working to the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines (Kilkenny et al., 2010) preferably with assistance from a statistician. This includes considering firstly whether animal research is necessary for the research questions posed, or whether these may be addressed with other methods such as cell or organoid culture. If mice are to be used, it is then appropriate to ask whether a similar model has been applied previously, and to base the study design on literature review. Thought should be given to the anticipated experimental results based on the hypothesis and how these are to be measured and statistically analysed.
It may then be necessary to decide what strains of mice are to be examined, the numbers required based on power analysis, and what appropriate controls are to be used for comparison. It is also important to consider how diet, microbiota and health status of the colony may impact intestinal research (regular health screening for pathogens and parasites is as described by the FELASA working group on revision of guidelines for health monitoring of rodents and rabbits 2014). In terms of intestinal examination, it is important to ask what the critical samples are to answer the research question(s). Histological examination is highly recommended even when more complex tissue investigations are the primary focus of the study. This simple process can confirm/characterise the changes that have taken place in these tissues, in conjunction with other results.
In some cases the requirement for destructive sampling e.g. mucosal scrapes outweighs the value of histology; for example for tissue RNA expression studies. In this case, it is highly important that a small representative portion of the gastrointestinal tract can be allocated for histology, and the remainder taken as a scrape. Some pertinent questions to designing a study with a primary focus on intestinal pathology are: (Matsuo et al., 1997)  Are villus/crypt lengths required? This is best achieved by employing the gut bundling method  Is evaluation of villus tip epithelium required?
To assess features such as villus tip apoptosis (Williams et al., 2013) (Washington et al., 2013)  Is localization of lesions to specific regions of the intestinal tract required? 
BASIC PROTOCOL 1: PREPARATION OF INTESTINES FOR CROSS SECTIONAL HISTOLOGICAL ANALYSIS (GUT BUNDLING TECHNIQUE)
This technique ( 
If the distal colon rectum and anus are required for analysis, the pelvis (pubis and ischium) can be cut through with scissors and the anus can be dissected out -however if this is to be done, it is recommended that the small intestine is fixed first to avoid compromising its preservation
7. Gently grasp the rectum/distal colon with dressing tissue forceps, and gently pull and reflect the intestines away from the carcass, cutting the mesenteric attachment adjacent to the serosal surface of the intestine as necessary 
ALTERNATIVE PROTOCOL 1: PREPARATION OF INTESTINES FOR LONGITUDINAL HISTOLOGICAL ANALYSIS (ADAPTED SWISS ROLL TECHNIQUE)
This method may be used to examine the entire length of the small and large intestine.
Particular indications are for cancer studies that induce tumor formation (intestinal neoplasia),
for evaluating gastrointestinal associated lymphoid tissue (GALT), or for evaluating studies which may cause multifocal or segmental lesions along the length of the intestine which may be missed through examining transverse sections. As this technique opens the intestinal lumen at necropsy, once fixative has been applied to the mucosa, photography of gross lesions may be performed. (Figure 6 ), or cut the pelvis either side of the colon enabling the colon to be dissected to include the anus 6. Gently remove the entire intestinal tract en bloc (as a whole) cutting any mesenteric attachments, including the stomach, spleen and pancreas
Once the intestinal tract is removed from the carcass, identify the descending colon by proximity to the stomach, mesentery and pancreas
7. Gently hold the colon with the curved forceps and peel away the mesentery from the serosal surface of the intestine, which will allow the small intestine to be unraveled.
The more mesentery that can be removed from the intestinal wall, the easier the rolling will be
8. Once the intestines have been dissected free of the carcass, cut the stomach at the pylorus and remove it ( Figure 6) Intestinal length can be measured at this point 9. Cut the small intestine into 3 equal lengths (as for gut bundling technique) and lay them so that the proximal (stomach) end is closest to the operator for each piece Statistical and power analyses will determine how many hemi-villi or hemi-crypts need to be counted per animal and per intestinal segment for a particular experiment, and may vary according to the segment of the small/large intestine. However, in LPS induced villus IEC apoptosis and shedding that 18-20 hemi-villi per intestinal segment is sufficient (Williams et al., 2013) . Comparisons should only be made between data collected from for the same anatomical location of the intestine between experimental and control groups (i.e. proximal, middle, or distal third of small intestine, or proximal/distal colon). hemi-crypts per mouse, in 4-6 mice is representative and statistically appropriate (Potten and Grant, 1998 
Materials

SUPPORT PROTOCOL 2: MEASUREMENT OF VILLUS/CRYPT LENGTHS USING IMAGE J
This protocol describes how to quantitatively assess villus and crypt lengths in order to assess small intestinal damage. It also compliments the findings made through cell scoring. 
COMMENTARY Background Information
The gut bundling technique was first developed at The Paterson Institute for Cancer Research, Manchester, initially for the study of radiation induced crypt apoptosis and proliferation (Booth and Potten, 2002; Potten et al., 1990) . The Gastroenterology Research Unit at The University of Liverpool has further developed the gut bundling technique to prepare intestinal samples for optimized histology, and quantitative analysis by cell scoring and can be used for many types of intestinal disease models Duckworth et al., 2013; Duckworth and Pritchard, 2009; Williams et al., 2013) . For cancer progression studies it may be more appropriate to utilise the adapted Swiss roll intestinal preparation technique (Moolenbeek and Ruitenberg, 1981) .
It is essential to decide which of these techniques will best answer the critical questions to be addressed (see Strategic Planning). It is also critical to understand that there are fundamental differences in the site of sampling along the gastrointestinal tract, and consistency in sampling between animals is critical to allow accurate comparisons. It is also important to understand that the rapid degradation that occurs in the small intestine means that it should be prioritized for fixation ahead of other organs (including colon and pancreas) in a study to prevent autolytic/artefactual changes.
Critical Parameters: The critical factors involved with these techniques are firstly that the death/sampling to fixation interval (inclusive of dissection time) is kept to an absolute minimum for the small intestine to avoid artefactual sloughing of epithelium and subepithelial spaces developing in the villus. Fixation causes cross-linking of proteins to preserve structure, and also literally fixes tissue into the shape they were when first fixed. Therefore making sure that the tissue is in a suitable conformation prior to fixation, as described in these protocols, is critical.
For the Gut Bundling technique, it is very important at the trimming stage, that the various segments of intestine (e.g. proximal, middle and distal third of small intestine) are trimmed consistently and put in separate cassettes from which both the animal and the intestinal segment can be readily identified. This is important as although small and large intestinal sections are easily differentiated by appearance, the specific localisation within the small or large intestine is not; especially if there are superimposed lesions. Tight bundling of the intestine is critical to preventing failure of this technique during processing. Correct orientation of tissue during embedding, tissue sections of the correct thickness (i.e. 3-5µm) and optimized H&E/immunohistochemical protocols are also critical to interpretation and quantification of intestinal tissues.
Troubleshooting:
Outlined below are some common problems encountered with the techniques described and their solutions:
 Delay in fixation: Make sure that there is adequate time between the dissection of each mouse, and that there is adequate familiarity with the anatomy and techniques employed, preferably through practising these techniques on cull mice. Make sure that formaldehyde is made up freshly in PBS either from solid paraformaldehyde, or from concentrated stock (37.5%) formaldehyde (N.B. concentrated stock solution also undergoes degradation and should be used within expiry date). as the use of old formalin will mean that fixation is poor or incomplete, leading to irreparable damage to the tissue. Rapid instillation of formalin into the gut lumen via needle and syringe can Prior to dissections, the operator should be competent in the methods by using intestinal tissue from mice that are being culled for other purposes. It should be confirmed that all relevant equipment outlined is present and correct. During practice dissections, a stopwatch should be used to check that intestines are being fixed optimally i.e. <3 minutes elapses between death and fixation. For gut bundling at least 10 minutes should be left between each mouse to allow for time for euthanasia, dissection, placing samples in fixative and washing of instruments. A considerably longer interval is required for the Swiss roll technique. A minimum of 24h is recommended for adequate tissue fixation in formalin. Tissue trimming is time consuming and laborious for the gut bundling technique (allow 10 minutes per mouse sample), whereas this step is not necessary for the Swiss roll technique. Tissue processing on a standard processor is usually conducted overnight for approximately 15h. Whilst villus/crypt lengths are relatively quickly measured (the main time constraint being imaging via a photomicroscope), cell scoring needs considerable practice and repetition to achieve consistency and can take 15-20 minutes per slide for experienced operators. These segments are then cut into 1cm long lengths (F). These are then placed into a tape loop (G) to form a bundle which is tightened. The tape loop is trimmed with a scalpel (H), usually with 3 cuts as indicated, and the bundles placed in a cassette (I). 
